ABSTRACT
Multipoint linkage analysis requires a genetic map. Markers are used to identify the location of a gene responsible for a trait, e.g. a disease, by testing them for cosegregation with a trait. Markers are positioned on the genome with genetic maps. Genetic linkage mapping in mice and humans uses microsatellite repeat markers for initial, broad, location of loci. Genetic maps based on microsatellite markers are generated from large mapping projects where many meiotic events are used to estimate recombination fractions. These maps cannot be derived directly from sequencing projects because of the variation in recombination rate over the genome over large distances. However, the sequencing information from the completed human and mouse genomes can be used to help generate complete genetic map (Nievergelt et al., 2004) . The completed sequence of these two organisms has provided physical map positions for almost all microsatellite markers * To whom correspondence should be addressed.
in their genomes; however, neither genetic maps nor physical maps are without error.
The Internet provides access to databases containing genetic map information for both mice and humans; however, no one integrated map with all known microsatellite markers exists. Furthermore, existing Web interfaces such as MGI (Mouse Genome Information) database or NCBI (National Centre for Biotechnology Information) allow only single marker queries, making the generation of genetic maps for hundreds of markers tedious and time consuming. Therefore, it is desirable to have a tool that generates genetic maps for a given set of markers which are present in at least one of several genetic or physical maps.
The present paper describes two Web tools: MouseMSD (Mouse MicroSatellite Database) for mouse microsatellite markers and HumanMSD (Human MicroSatellite Database) for human microsatellite markers. These Web tools were written in Perl, CGI-Perl, HTML and Javascript. They not only generate integrated displays of genetic map positions from different selected databases, but also infer the genetic map positions which are not listed in existing databases or genetic maps [MGI database in MouseMSD and DeCode (Kong et al., 2002) genetic map database in HumanMSD]. Furthermore, the map data output can be downloaded in useful formats for immediate use with human linkage mapping software such as GENEHUNTER (Kruglyak et al., 1995) and MERLIN (Abecasis et al., 2002) , or inbred strain analysis software such as MAPMAKER (Lincoln and Lander, 1992) and R/QTL (Ihaka and Gentleman, 1996; Broman et al., 2003) . These two websites have additional features that aid the choice of markers. As an example, the mouse database has a simple search ability which distinguishes markers as being either polymorphic or non-polymorphic for two strains entered by the user. (Dib et al., 1996) , Marshfield (Broman et al., 1998) and DeCode, and the physical map positions from the NCBI database.
To infer genetic map distances for those markers not present in these genetic maps, we make use of the approximate linear relationship between the genetic and physical map distances over closely spaced markers. For the missing markers, the two closest flanking markers' genetic map position and physical map position are used as a scaffold for linear interpolation to estimate the genetic position. Linear interpolation is a simple method which infers f (x), or the function value, based on a linear relationship estimated from a pair of surrounding co-ordinates [x 1 , f (x 1 )] and [x 2 , f (x 2 )] where x 1 < x < x 2 . In this application, f (x) represents a missing genetic map position and x the corresponding physical map position.
[x 1 , f (x 1 )] and [x 2 , f (x 2 )] represent surrounding known physical and genetic map positions. In the rare instances where the physical position of the missing marker is not found, but the genetic positions on either the Marshfield or Généthon maps is known in the human case the genetic position on the DeCode map is interpolated using the genetic positions from flanking markers from these maps instead.
For human genetic maps, we base any known and inferred genetic map distances by default on the DeCode genetic map which is based on the most meiotic events and is hence the most accurate. For mouse genetic maps we base any known genetic map distances, and infer the remainder by default from the MGI database which is currently the most comprehensive.
This method of estimation is tested by performing it on a set of markers chosen by sampling the set of human microsatellite markers at 10 cM (centiMorgans) intervals. The genetic map positions of this set of markers were estimated using the next pair of flanking markers at distances of ∼1, 5 and 10 cM away to compare the performance of linear interpolation over a variety of distances. In general, the closer the markers the better the linear interpolation will perform.
These distances were compared to their true positions on the DeCode map. The test dataset consisted of 290 markers taken from the DeCode map at ∼10 cM intervals spanning the entire human genome. Pairs of flanking markers in three different distance ranges of <1 cM (range 1), >1 cM but <5 cM (range 2) and >5 cM but <10 cM (range 3), were chosen for each of the 290 markers. The genetic distance is estimated by linear interpolation using the flanking pairs for all the chosen markers in each range. For range 1 (when the two closest markers are chosen), the percentage error is extremely small with a median of only 0.33 and 25% and 75% quantiles of (0.11, 0.9%). For ranges 2 and 3, the medians and 25% and 75% quantiles were 1.17 and 2.0%, and (0.42, 2.2%) and (0.71, 4.08%), respectively. As expected, linear interpolation performs more poorly as the distance of the flanking markers increases, as indicated by the larger medians and larger interquartile ranges. However, the method still gives very good approximations for the majority of the markers indicating that the relationship between genetic and physical map distance is still roughly linear for the majority of the genome even over larger distances such as those in range 3.
We conclude that the usage of physical map distances through linear interpolation is safe and accurate for the inference of genetic map distances, at least at small genetic distances. This is in contrast to earlier reports (DeWan et al., 2002) with later reports (Nievergelt et al., 2004) showing that with improvements to physical maps this is a valid approach. However, a small minority of microsatellite markers are still incorrectly mapped or not mapped at all (data not shown).
We suggest that all interpolated markers are also checked against available genetic map distances from other maps. Markers whose genetic map positions have been inferred are clearly highlighted in both MouseMSD and HumanMSD, and map positions from other genetic maps are displayed alongside the interpolated distance. The MouseMSD website also displays the information on polymorphisms of two strains for the input markers. These are downloaded automatically from the MGI website. In addition, information on the alleles can also be displayed. A hyperlink to the UCSC genome database information for a given genomic segment specified by the first and last marker on a chromosome is also available.
The retrieval of the map information is time consuming and restricted by visiting limits. Quicker retrieval is achieved by using our local databases which we will update periodically as new friezes (assemblies) of the human and mouse genome become available. These updates will become less frequent as the physical maps for both genomes are finalized. Researchers using this web-based tool are able to choose between using the local database and retrieving the data directly from the genome database. We welcome further suggestions for additional features that will aid the work of researchers requiring such data.
